Galaxy clusters exhibit remarkable self-similar behavior which allows us to establish simple scaling relationships between observable quantities and cluster masses, making galaxy clusters useful cosmological probes. Recent X-ray observations suggest that self-similarity may be broken in the outskirts of galaxy clusters. In this work, we analyze a mass-limited sample of massive galaxy clusters from the Omega500 cosmological hydrodynamic simulation to investigate the self-similarity of the diffuse X-ray emitting intracluster medium (ICM) in the outskirts of galaxy clusters. We find that the self-similarity of the outer ICM profiles is better preserved if they are normalized with respect to the mean density of the universe, while the inner profiles are more self-similar when normalized using the critical density. However, the outer ICM profiles as well as the location of accretion shock around clusters are sensitive to their mass accretion rate, which causes the apparent breaking of self-similarity in cluster outskirts. We also find that the collisional gas does not follow the distribution of collisionless dark matter perfectly in the infall regions of galaxy clusters, leading to 10% departures in the gas-to-dark matter density ratio from the cosmic mean value. Our results have a number implications for interpreting observations of galaxy clusters in X-ray and through the Sunyaev-Zel'dovich effect and their application to cluster cosmology.
INTRODUCTION
Galaxy clusters are the most massive gravitationally bound objects in the universe. Most of the baryons are in the form of hot X-ray emitting gas and reside in the deep gravitational potential wells of galaxy clusters. The hot gas is detectable in both the X-ray and the microwave, through the Sunyaev-Zel'dovich (SZ) effect. Observations of the intracluster medium (ICM) show remarkable regularity over a wide range of mass and redshift, making galaxy clusters powerful probes for cosmology (e.g. Allen et al. 2011, for review) .
Self-similarity is a generic prediction of gravitational structure formation. It features simple scaling relations between the observable properties and mass of galaxy clusters (Kaiser 1986; Voit 2005; Kravtsov & Borgani 2012 , for a recent review). When scaled by cluster mass, the radial profiles of thermodynamic properties of the ICM display remarkable resemblance Nagai et al. 2007; Pratt et al. 2009; Arnaud et al. 2010 ) outside of cluster cores where the effects of non-gravitational physics are small. When integrated, the self-similar ICM quantities can serve as robust observational proxies for cluster mass, such as its thermal energy content, Y X , or its X-ray luminosity, L X (Maughan 2007) . The outer regions of clusters are ideal for robust ICM measurements and inferences of cluster mass since these measurements at large radii are less susceptible to complex astrophysical processes that affect measurements in the cluster core, such as gas cooling, star formation, and energy injections from supernovae and active galactic nuclei.
Both X-ray and SZ observations have recently measured properties of the ICM out to the virial radius (see, e.g., Reiprich et al. 2013, for review) . However, these observations revealed several unexpected results that deviate from theoretical predictions. First, hydrodynamical simulations predict that the entropy of the ICM should have a power law scaling with cluster-centric radius, as the entropy is set by the accretion shock of the cluster (Tozzi & Norman 2001; Voit et al. 2003) . But, Suzaku X-ray measurements of the outer regions of clusters showed lower and flatter entropy profiles than the theoretically predicted power law, breaking the self-similar scaling (e.g., George et al. 2009; Bautz et al. 2009; Reiprich et al. 2009; Hoshino et al. 2010; Kawaharada et al. 2010; Walker et al. 2013; Urban et al. 2014; Okabe et al. 2014) . Additionally, Suzaku measured an enclosed gas mass fraction of the Perseus cluster that curiously exceeded the cosmic baryon fraction at large radii . With stacked X-ray data of clusters selected from SZ surveys, McDonald et al. (2014) found a redshift evolution of the pressure profile in the outer regions of clusters, also indicating departures from the theoretical expectation.
Galaxy clusters are dynamically young objects that are still growing via mergers and accretion. The outskirts of galaxy clusters can be regarded as "cosmic melting pots", where infalling materials are being virialized. The accreting gas dissipates heat through shocks and turbulence, establishing the overall thermodynamical structures in galaxy clusters. An improved understanding of the "cosmic melting pot" will advance our ability to use clusters for precision cosmology, particularly in light of ongoing and upcoming multi-wavelength cluster surveys, including Planck microwave and eROSITA Xray missions.
A variety of astrophysical processes in cluster outskirts can contribute to the observed deviations from self-similar predictions. Previous theoretical works indicated that processes such as gas inhomogeneities (Nagai & Lau 2011; Zhuravleva et al. 2013; Vazza et al. 2013; Roncarelli et al. 2013; Ra-sia et al. 2014 ) and non-thermal pressure support (e.g, Nelson et al. 2014a; ) may play significant roles. These non-equilibrium processes are likely to be driven by mass accretion in the outskirts of clusters.
Recent N-body simulations suggested that dark matter (DM) halos accrete mass at different rates depending on their mass and redshift (e.g., Cuesta et al. 2008; McBride et al. 2009 ). Variations in the mass accretion rate (MAR) of halos introduce differences in the DM density profiles in halo outskirts, leading to apparent deviations from self-similarity (Diemer & Kravtsov 2014 ). If gas traces DM, we would expect mass accretion to similarly affect the gas distribution in cluster outskirts. Understanding the effects of MAR on gas properties in cluster outskirts requires cosmological hydrodynamic simulations that self-consistently follow the dynamics of DM and gas.
In this work, we analyze a mass-limited sample of galaxy clusters extracted from the Omega500 cosmological hydrodynamic simulation (Nelson et al. 2014b) . We find that the ICM profiles in cluster outskirts are affected by the mass accretion in two ways. First, the outer ICM profiles are more self-similar with redshift when they are normalized using the mean mass density of the universe, because the mean density traces the redshift evolution of MAR better than the critical density. Second, at any given redshift, the outer ICM profiles and the location of accretion shock around clusters are sensitive to the MAR. We also find the collisional gas does not trace accretion of the collisionless DM perfectly, leading to departures in the density ratio between gas and dark matter from the cosmic mean value. We discuss implications of our results on X-ray and SZ observations of the ICM profiles in cluster outskirts, mass-observable scaling relations, and the use of galaxy clusters as cosmological probes.
The paper is organized as follows. In Section 2 we describe the concepts of cluster mass definitions, self-similar model, and MAR. In Section 3 we describe our simulated cluster sample. In Section 4 we examine the dependence of the gas profiles on the definition of cluster mass and their MAR. We provide our discussion and conclusions in Section 5.
THEORETICAL CONSIDERATIONS

Cluster Mass Definitions
Galaxy cluster forms at the intersections of large-scale filamentary structures in the universe and they do not have welldefined physical edge. To calculate cluster masses, the common approach is to define the boundary of a cluster as a sphere enclosing an average matter density equal to a reference overdensity ∆ times a reference background density, ρ ref . The mass of the cluster is then given as,
where R ∆ is the radius within which we compute the enclosed mass. Two common choices of the background density ρ ref are the critical density, ρ c (z) ≡ 3H 2 0 E 2 (z)/(8πG), and the mean matter density, ρ m (z) = ρ c (z)Ω m (z), in the standard ΛCDM spatially flat cosmological model, where
and Ω m (without the explicit z-dependence) refers to the present-day mass density fraction of the universe. The reference overdensity ∆ is usually chosen to be a value close to 18π 2 ≈ 178, which corresponds to the virial overdensity in the flat matter dominated, Einstein-de Sitter universe (Ω m = 1 − Ω Λ = 1). In the more realistic flat ΛCDM model, the virial overdensity varies with redshift (e.g., Bryan & Norman 1998) .
In the literature, ρ c (z) has been widely used to define cluster masses (ρ ref = ρ c (z), with ∆ = ∆ c ). In particular, ∆ c = 500 has been used in the analyses of Chandra and XMM-Newton X-ray observations of galaxy clusters, since it corresponds to the radius out to which gas density and temperature profiles of the ICM can be reliably measured. ∆ c = 200 is also adopted in recent Suzaku X-ray and Planck SZ observations which extended the measurements of the ICM profiles to larger clustercentric radii. On the other hand, ρ m (z) ∝ (1 + z) 3 is independent of other cosmological parameters, e.g., the Hubble parameter. Using ρ m (z) to define DM halos also leads to a more "universal" mass function (e.g., White 2002) and has been used in calibrating mass functions in N-body simulations (e.g., Jenkins et al. 2001; Tinker et al. 2008 ).
2.2. Self-Similarity In the current hierarchical structure formation model, galaxy cluster of mass M at redshift z forms from gravitational collapse of the primordial cosmological density perturbation, when its linear density fluctuation δ(M, z) reaches the collapse threshold δ c = 1.686. Since the primordial density perturbations are well-characterized by the Gaussian distribution, properties of galaxy clusters are uniquely characterized by its density peak height,
is the characteristic linear density fluctuation smoothed over mass scale M at redshift z.
Strictly speaking, self-similarity only holds when the initial linear density fluctuations and their subsequent gravitational collapse into cluster halos are scale-free, and there is no physical scale associated with non-gravitational processes operating during cluster formation. These conditions are approximately true for cluster-size halos, where linear density fluctuations follow a power law. During the subsequent collapse until z 0.5, the effects of dark energy are also assumed to be small, keeping cluster growth almost scale-free. Baryonic physics, such as radiative cooling, star formation and feedback, break self-similarity, but their effects are mostly confined to within the cluster core.
On large scales, the majority of the baryonic component is in the form of X-ray emitting ICM and is expected to follow the distribution of the gravitationally dominant DM. The self-similar model predicts that cluster gas profiles for a given mass (or peak height) appear "universal" when they are scaled with respect to the reference background density of the universe (see, e.g., Voit 2005) . For example, the gas density is scaled using the mean cosmic baryon overdensity, defined as ρ gas,∆ ≡ f b ∆ρ ref (z) , where ∆ is the redshift independent chosen overdensity, ρ ref (z) is the reference mass density of the universe at redshift z, and f b ≡ Ω b /Ω m is the cosmic baryon fraction. Similarly, other quantities, such as temperature, pressure, entropy, and velocity, can be normalized with appropriate scaling that depends on mass and redshift:
gas,∆ ), and V circ,∆ ≡ GM ∆ /R ∆ . We adopt f b = 0.1737 from the WMAP5 cosmology used in this work, µ = 0.59 is the mean molecular weight of the fully ionized ICM, m p is the proton mass and k B is the Boltzmann constant. For the cases where the reference background density is set to the critical or the mean density, we set ∆ = ∆ c or ∆ = ∆ m ≡ ∆ c /Ω m (z), respectively. In this paper, we consider two cases: ∆ c = 200 and ∆ m = 200. 
Mass Accretion Rate
In this work, we propose a proxy for the instantaneous MAR α ∆ , defined as the ratio of radial velocity to the circular velocity measured at some chosen radius R α ,
where R α is a free parameter denoting a certain radius located inside the infall region where V DM r < 0. Physically, a halo that is actively accreting in its outskirts will have a large negative value of α ∆ .
This MAR proxy α ∆ has the advantage over Γ ∆ :
introduced by Diemer & Kravtsov (2014) , because α ∆ can be measured for halos at any given redshift, while Γ ∆ is an integrated quantity defined between z = 0 and z = 0.5. Note that a higher Γ ∆ means that the halo has experienced a greater physical mass accretion between z = 0 and z = 0.5, where M ∆ (a 0 ) and M ∆ (a 1 ) are the mass of the halo at a 0 = 1 (z = 0) and its progenitor at a 1 = 0.67 (z = 0.5) respectively. Radial velocity is also in principle an observable quantity that can be traced by infalling galaxies or gas in cluster outskirts, while Γ ∆ is not a measurable quantity. We compare these two MAR proxies in Section 4.3.
3. COSMOLOGICAL HYDRODYNAMIC SIMULATIONS 3.1. Data and Halo Selection In this work we analyze a sample of simulated galaxy clusters from the Omega500 Simulation Project (Nelson et al. 2014b) , which is a high-resolution hydrodynamical simulation of a large cosmological volume with the comoving box length of 500 h −1 Mpc. The simulation is performed using the Adaptive Refinement Tree (ART) N-body+gas-dynamics code (Kravtsov 1999; Kravtsov et al. 2002; Rudd et al. 2008) , which is an Eulerian code that uses adaptive refinement in space and time, and non-adaptive refinement in mass (Klypin et al. 2001 ) to achieve the dynamic ranges to resolve the cores of halos formed in self-consistent cosmological simulations in a flat ΛCDM model with WMAP five-year (WMAP5) cosmological parameters: Ω m = 1 − Ω Λ = 0.27, Ω b = 0.0469, h = 0.7 and σ 8 = 0.82, where the Hubble constant is defined as 100 h km s −1 Mpc −1 and σ 8 is the mass variance within spheres of radius 8 h −1 Mpc. The simulation is performed on a uniform 512 3 grid with 8 levels of mesh refinement, implying a maximum comoving spatial resolution of 3.8 h −1 kpc. Our simulations are based on simple non-radiative hydrodynamics, allowing us to isolate the effects of MAR on self-similarity from the effects of complicated galaxy formation physics, which are expected to be small in the outskirts of clusters. The current work also serves as a baseline for future studies of the effects of such physics.
Galaxy clusters are identified in the simulation using a spherical overdensity halo finder described in Nelson et al. (2014b) . We select clusters with M 500c ≥ 3 × 10 14 h −1 M at z = 0 and re-simulate the box with higher resolution DM particles in regions of the selected clusters, resulting in an effective mass resolution of 2048 3 , which corresponds to a mass resolution of 1.09 × 10 9 h −1 M . To study the redshift evolution for the ICM profiles, we extract halos from four redshift outputs: z = {0.0, 0.5, 1.0, 1.5}. At each redshift we apply a mass cut to ensure a mass-limited sample by comparing our mass function to that of Tinker et al. (2008) and setting the mass cut to ensure that the sample is complete above the chosen mass threshold. The mass-cuts and resulting sample sizes are as follows: 65 clusters with
and 42 clusters with
3.2. Substructure Removal and Profile Making In this work we are primarily interested in the thermodynamic properties of the diffuse ICM. Gas in dense clumps and filaments is expected to have different thermodynamical properties from the diffuse ICM. In this work we minimize their effects by identifying and removing these gaseous substructures directly in simulations. Using the method proposed by Zhuravleva et al. (2013) , we remove gas clumps by excluding gas cells that have logarithmic density 3.5σ above the median for a given radial bin. Similarly we remove gaseous filamentary structures by excluding radially infalling gas cells with logarithmic density between 1σ and 3.5σ above the median for a given radial bin. As shown in Figure 1 , this method can identify gas associated with clumps and filaments in the clus- -Profiles of average radial velocity (top panels) and gas entropy (bottom panels) at z = 0, 0.5, 1.0, and 1.5. The lower subplot in each panel shows the deviations of the profiles from different z outputs relative to that of the z = 0.5 clusters. The left panels show the profiles of cluster halos defined using the critical density, while the right panels show the profiles of the same cluster halos defined using the mean density. In the upper panel, we show the mean radial velocity profiles for gas and DM in solid and dashed lines respectively. The shaded regions indicate the 1σ scatter around the mean gas profiles for the z = 0 clusters. ter outskirts quite well.
After removing clumps and filaments, we compute the spherically averaged profiles by dividing the analysis region for each cluster into 99 spherical logarithmically spaced bins from 10 h −1 kpc to 10 h −1 Mpc (comoving) in the radial direction from the cluster center, which is defined as the position with the maximum binding energy. Our results are insensitive to the exact choice of binning. We then compute volumeweighted mean profiles of density, pressure, and entropy, and mass-weighted mean profiles of temperature and velocities for the gas in each cluster halo, and present the mean profiles averaged the over our cluster sample. For the rest of the paper, all of the gas profiles are presented with substructures and filaments removed, unless noted otherwise.
4. RESULTS 4.1. Self-similarity of Gas Profiles We begin by comparing radial velocity profiles of gas and DM in clusters defined with respect to the critical density and the mean density of the universe. The velocity profiles are normalized by the circular velocity V circ,∆ ≡ GM ∆ /R ∆ . In Figure 2 we show the evolution of radial velocities for gas between z = 1. -From left to right, we show the profiles of gas temperature, density, and pressure for the cluster halos at z = {0.0, 0.5, 1.0, 1.5}. The upper panels show the profiles normalized using the critical density 200 × ρc(z), while the lower panels show the same profiles normalized using the mean density 200 × ρm(z). In each figure, the bottom sub-panel shows the fractional deviations of the profiles with respect to the z = 0.5 clusters. The shaded regions indicate the 1σ scatter around the mean for the z = 0 clusters. R 200c , the radial velocities of DM and gas are mostly negative, indicating infall of DM and gas onto the cluster halos. The magnitude of the velocities in these infall regions evolves with redshift: higher-z clusters show more negative radial velocities, indicating their higher MAR. The location of the velocity minimum, where the gas is infalling most strongly, also evolves with z, and it is located at larger fraction of R 200c at lower z. In the same figures, we also show the average radial velocities of DM (indicated by the dashed lines). Although the radial velocity profiles of both gas and DM show similar qualitative trend with z, gas is generally accreting at a slower rate than DM; the collisional gas 1 experiences ram pressure from the surrounding ICM, while the collisionless DM does not.
At large radii r > 3R 200c , the gas traces DM, where both velocities follow the Hubble flow in the expanding universe. Their normalized radial velocity profiles are independent of redshift, because the normalization R 200c and V circ,200c naturally account for the Hubble flow:
Note that the mean free path of electrons in the ICM plasma could be large ( 100kpc), which may break down the hydrodynamic approximation in cluster outskirts. However, the presence of magnetic field may reduce the effective mean free path below the numerical resolution such that the ICM can be treated effectively as collisional. This uncertainty must be kept in mind when interpreting our results.
An interesting radius is the turnaround radius R ta , where the radial velocity becomes zero as the accreting mass detaches from the Hubble flow. The top left panel of Figure 2 shows that R ta normalized by R 200c is independent of redshift, and it is located at R ta /R 200c ≈ 5. We expect R ta to follow the evolution of the Hubble parameter, as it is the radius where the dynamics of both dark matter and gas detach from the Hubble flow. Therefore R ta is well-traced by R 200c which is defined in terms of the Hubble parameter.
On the other hand, R ta does not scale well with R 200m . The radial velocity profiles normalized with V circ,200m also show strong evolution with z, especially at late times (z 1.0). This is because R 200m ∝ ρ m (z) −1/3 only accounts for the evolution of the matter component, but does not account for the effects of dark energy which drive the accelerated expansion of the universe at low z.
However, at smaller radii, we find that choosing ∆ m = 200 makes the radial velocity profile more universal with z. The locations of radial velocity minima in both DM and gas for ∆ m = 200 show little redshift evolution compared to the case of ∆ c = 200. This behavior is expected, as the accreting matter undergoes free-fall once decoupled from the Hubble flow, and its evolution is governed primarily by the gravitational dynamics governed by the cluster mass, whose mass density is characterized by the cosmic mean mass density. Similar trends are observed in the entropy profiles of gas. The profiles are normalized by the self-similar values described in the Section 2.2. The bottom panels of Figure 2 show the redshift evolution of the entropy profiles. Each line represents the entropy profile averaged over the cluster sample at z = 0, 0.5, 1.0, and 1.5. Each profile shows a well-defined entropy peak, which corresponds to the location of the accretion shock 2 , R sh , where the gas radial velocity is minimum. Some care is needed when interpreting the accretion shock radius R sh defined using the entropy peak or the minimum of the radial infall velocity of gas. When the accreting collisional gas is shocked, it stops infalling and its radial velocity should jumps abruptly to zero. Likewise, the gas entropy profile should jump sharply behind the accretion shock when the gas is heated through the shock. However, these sharp jumps are not seen in our radial velocity nor entropy profiles, which increase more smoothly in the post-shock region. This is partly because gas accretion is aspherical, and the actual topology of the accretion shocks is rather complex (e.g., Ryu et al. 2003; Pfrommer et al. 2006; Skillman et al. 2008; Vazza et al. 2009a; Planelles & Quilis 2013; Schaal & Springel 2014) . Spherically averaging the velocity and entropy profiles will smooth out these jumps. Moreover, cold gas accreting along filaments can penetrate deeper into the cluster and are shocked at smaller cluster-centric radii (e.g., Molnar et al. 2009 ). This creates a series of shocks with varying velocity and entropy jumps in the cluster's infall region and smoothes out the profiles further.
For ∆ c = 200, the accretion shock systematically increases toward larger cluster-centric radii at lower z. The entropy measured at r = R 200c decreases from 3 × K 200c at z = 1.5 to 1.5 × K 200c at z = 0 due to the combination of the shift in the 2 We define accretion shocks as regions where pristine gas from voids falls into the cluster and gets shock-heated for the first time, which are commonly referred to as "external" shocks, in contrast to "internal" shocks driven by mergers or accretions through filaments (e.g., Ryu et al. 2003 ). In Figure 3 , we show profiles of other thermodynamic quantities: gas density, temperature and thermal pressure profiles normalized using ∆ c = 200 and ∆ m = 200 at different z. We find that these ICM profiles exhibit similar z-dependence to that of the entropy profile. For ∆ c = 200, there are systematic deviations of the profiles with z outside the cluster core (r ≥ 0.2R 200c ). For example at r = R 200c , high-z clusters have lower normalized temperature because they have higher physical mass accretion rate, so that their accretion shocks can penetrate deeper by pushing the low-temperature pre-shock regions toward the inner regions of clusters. Similarly, the evolution in the normalized density and pressure profiles is also due to the evolution in R sh /R 200c . On the other hand, switching the halo definition to ∆ m = 200 captures the redshift evolution of the R sh much better and results in thermodynamic profiles that are more universal with z in the radial range of 0.3 ≤ r/R 200m ≤ 1.0.
The self-similar secondary infall model predicts that the location of shock is located at a fixed fraction of the current turnaround radius, with R sh = 0.347R ta , in the Einstein-de Sitter universe (Bertschinger 1985) . However, our simulation shows that R sh is not proportional to R ta . R sh evolves as R 200m , whereas R ta evolves as R 200c . This deviation from the selfsimilar secondary infall model is likely due to the increasing effects of dark energy at low z, which breaks the self-similar evolution of infalling matter that are currently turning around. We will investigate the origin of this deviation in a future paper.
We find little dependence of the gas profiles on cluster mass or density peak height ν ≡ δ c /σ(M, z) defined in Section 2.2, because our sample contains only massive clusters. On average, halos with higher mass or peak height are on average accreting more rapidly compared to those with low mass or peak height (Cuesta et al. 2008; McBride et al. 2009; Diemer & Kravtsov 2014) , which can introduce mass or peak height dependence in the outskirt gas profiles.
Baryonic processes such as radiative cooling, star formation, and energy feedback from supernovae or active galactic nuclei can significantly influence the gas profiles in the inner regions and break self-similar behavior. These physical processes can also change the thermodynamical structure at larger radii and influence gas dynamics in low mass halos, such as galaxies and galaxy groups (e.g., Faucher-Giguère et al. 2011; van de Voort et al. 2011) . We expect the effects of baryonic physics to be considerably smaller in the outskirts of massive halos, where gravitational physics dominates the gas dynamics. However, further work is necessary to fully quantify how baryons affect the MAR and the self-similarity of gas profiles in all halos. A study of gas flows in group and galaxysize halos will help address these issues (Wetzel & Nagai, in prep.).
Evolution of the Circular Velocity Profile
The differences in the self-similarity between the inner and outer regions can be understood in terms of the evolution of the gravitational potential well, which determines the thermodynamical properties of the cluster gas. In Figure 4 , we plot the circular velocity profile V circ (r) which we use as a proxy for the gravitational potential, normalized using ∆ c = 200 and ∆ m = 200 at z = {0.0, 0.5, 1.0, 1.5}. For ∆ c = 200, the circular velocity profile is more universal with z at r ≤ R 200c , indicating that the evolution of the cluster potential in the inner region is well captured by ρ c (z). On the other hand for ∆ m = 200, V circ evolves significantly at r ≤ R 200m , but exhibits an enhanced level of self-similarity at r ≥ R 200m .
The reason behind the dependence is that the gravitational potential well of the cluster is already set during its early stage of formation (Li et al. 2007 ; van den Bosch et al. 2014) , while the outer region is more sensitive to the recent mass growth of the halo. N-body simulations have shown that halo grows in two phases: an early fast growth phase when the halo is formed via violent relaxation and phase mixing, followed by slow growth phase via smooth accretion (Wechsler et al. 2002; Zhao et al. 2003) . The initial fast growth phase determines the inner density and hence the potential well of the halo. For a massive cluster-size halo at z = 0, its fast growth phase still occurs at high redshift (z 1) when the universe is still Einstein-de Sitter (i.e., flat, Ω m = 1 universe), with its gravitational potential forming and scaling with the background density where ρ m (z) = ρ c (z). During the subsequent slow growth phase in the epoch of dark energy domination (ρ m (z) < ρ c (z)), accretion only adds mass in the halo outskirts, leaving the inner mass distribution unchanged. For the constant mass, the radius defined with respect to the critical density scales as R ∆c ∝ ρ c (z) −1/3 ∝ E(z) −2/3 , which evolves much slower than R ∆m ∝ (1 + z) −1 at late times when the universe is no longer matter-dominated. Therefore, R ∆c tracks the slowly changing interior better, while R ∆m tracks the outer gas profiles determined by the mass accretion at late times. Further works are needed to understand the tight self-similar scaling of the inner profiles with ρ c (z). However, we note that in real clusters the inner profiles are modified by baryonic physics which breaks the self-similarity (e.g., McDonald et al. 2014). 
Effects of Mass Accretion Rate on Gas Profiles
Next we study the dependence of the gas profiles on the MAR in the present-day universe at z = 0. We use the MAR proxy α defined in Equation (2) as a probe the mass accretion rate of the cluster. We choose ∆ m = 200 to define α since it scales out the redshift dependence of the mass accretion rate, as shown in Section 4.1. We first compare our new MAR Figure 6 shows the radial velocity profiles of gas and DM for clusters in three bins of α 200m , with each bin containing clusters that lie in the top, middle, and bottom third of the distribution in α 200m . Rapidly accreting clusters (with more negative α 200m ) show more negative gas radial velocity in the infall region (0.6 r/R 200m 3) where V r < 0. The radial gas velocity becomes progressively less negative, with decreasing size in the infall regions for systems with a less negative α 200m . Note that the radial velocity of gas in the infall region is generally less negative than that of DM because the collisional gas experiences shocks and ram-pressure of the surrounding ICM. Note, although we treat the DM and gas flows as spherical mass shells moving radially, in reality they are likely to occur anisotropically through mergers and accretions along filaments (Zinger et al., in prep) .
In Figure 7 we plot the profiles of entropy, temperature, and pressure for the three different bins of α 200m . The left panel of the figure shows the entropy profile. The peak of the entropy profile indicates the accretion shock radius R sh shifts towards the inner regions of clusters with higher MAR. As more rapidly accreting halos accumulate gas with higher mo- mentum flux, the pre-shocked gas penetrates deeper into the interior region (e.g., Voit et al. 2003; McCourt et al. 2013) and shifting the entropy peak inward. The height of the entropy peak also decreases from 10 × K 200m to 8 × K 200m from the least to most rapidly accreting clusters. The small drop in the entropy for the highly accreting cluster is likely due to the deeper penetration of the accretion shock into the hotter ICM leading to smaller Mach number thus smaller entropy increase. Since the entropy profile inside the accretion shock is monotonically increasing, the decrease in both the accretion shock radius and entropy peak for higher MAR leads to relatively small increase in the outer entropy profiles: e.g., the entropy at R 200m differs by 20% between the least and the most rapidly accreting systems. Here we do not see the level of entropy flattening seen in observations Walker et al. 2013) due to changes in MAR, which is suggested as a possible explanation for the flattening (e.g., Cavaliere et al. 2011) .
Other processes may be responsible for the observed flattening of the entropy profiles in the outskirts of relaxed clusters. For example, the radially-dependent ICM inhomogeneities can lead to overestimates in the gas density profiles derived from X-ray observations, causing the observed entropy profile to flatten at the large cluster-centric radii (Nagai & Lau 2011). Gas motions induced by gas accretion and mergers (e.g., Vazza et al. 2009b; Nelson et al. 2012 ) as well as plasma effects (e.g., magnetothermal instability, Parrish et al. 2012) can also bias the gas temperature and entropy profiles low at large cluster-centric radii by keeping some of the energy of the infalling gas non-thermal.
The average gas temperature in more rapidly accreting clusters is lower than the value of the whole cluster sample, especially in their outskirts where gas is actively accreting, but the impact of MAR on the temperature profiles is smaller within R 200m than the entropy profile. At r = R 200m , the most rapidly accreting clusters have temperature that is about 9% lower than the least accreting systems. The differences become larger at r > R 200m , reaching 15% at r = 1.5R 200m , this is because accretion shocks of high MAR clusters are located at smaller radii where the gas is still pre-shocked and has lower temperature.
Note that our results on the temperature profile and its dependence on MAR are qualitatively different from results based on idealized simulations by McCourt et al. (2013) , who reported that clusters with higher accretion rates have higher temperatures than slowly accreting systems. The discrepancy could be due to their assumption of instantaneous thermalization of accreting gas at the accretion shocks, which could cause the gas temperature to be overestimated. Taking into account the residual kinetic energy from incomplete thermalization in the form of non-thermal pressure could account for this problem. High MAR clusters are expected to have a higher non-thermal pressure fraction due to the increased level of merger-and accretion-induced gas motions (Nelson et al. 2014a; ). Therefore, the over-predicted gas temperature in the McCourt et al. model can be lowered by the correspondingly larger amount of non-thermal pressure present in the high MAR clusters, which could bring their results in better agreement to the results of cosmological simulations.
In the right panel of Figure 7 we show the thermal pressure profile and its dependence on MAR. We multiply the pressure profile by the radius cubed to show more clearly the dependence on α 200m in the outskirts. Rapidly accreting clusters exhibit lower thermal pressure than slowly accreting systems by ∼ 40%, as recently accreted gas is less thermalized and less dense (see Figure 8) .
The left panel of Figure 8 shows the effect of the MAR α 200m on gas density. We have multiplied the density profile by the radius squared to show the dependence on α 200m more clearly. Similar to the pressure profile, there is a factor of 2 difference in the gas density between the least and most rapidly accreting clusters at R 200m . The larger inflow in rapidly accreting clusters is responsible for the de-crease in density at 0.5 ≤ r/R 200m ≤ 1. The right panel of Figure 8 shows the logarithmic gas density slope γ gas ≡ d log ρ gas /d log r. More rapidly accreting clusters have shallower density slopes in both DM and gas densities at 0.1 ≤ r/R 200m ≤ 0.3 and slightly steeper slope at 0.3 ≤ r/R 200m ≤ 1. We note, however, that there is a large scatter in the gas density slopes for a given α 200m bin.
How Does Gas Trace Dark Matter in Cluster Outskirts?
In this section we examine how well gas density traces DM density in cluster outskirts and its dependence on redshift and MAR. The relation between gas and DM densities can be useful for prescribing gas distribution in DM-only simulations. Note that in this section, we do not exclude substructures and filaments in either gas or DM components.
We find that gas traces DM in a uniform manner with redshift when we define clusters with ∆ m = 200. The left panel of Figure 9 shows the ratio of gas-to-DM density (ρ gas /ρ DM ) as a function of the cluster-centric radius at z = {0.0, 0.5, 1.0, 1.5}. Here, the gas and DM densities shown are the mean values in each spherical bin, and the ratio is normalized to the cosmic baryon-to-DM ratio (Ω b /Ω DM ). Similar to the thermodynamic profiles discussed in Section 4.1, the profile of the gas-to-DM ratio is universal with z in the radial range 0.3 ≤ r/R 200m ≤ 2. While the gas density roughly traces the DM density in this radial range, there is 10% − 20% deviation in the gas-to-DM density ratio from the cosmic value around the accretion shock. The value of ρ gas /ρ DM is below the cosmic value in the intermediate region (0.6 ≤ r/R 200m ≤ 1), but exceeds the cosmic value in the inner (0.3 ≤ r/R 200m ≤ 0.6) and outer (1.0 ≤ r/R 200m ≤ 3) regions of clusters, and asymptotically approaches the cosmic value beyond 3R 200m . The deviation from the cosmic value is on average about 10% around the accretion shock, but could reach to more than 20% for individual clusters. This pattern in the gas-to-DM density ratio profile originates from the difference in the dynamics between gas and DM discussed in Section 4.1. Shock heating and ram pressure cause gas to lag behind DM during infall, creating an overdensity of gas around the accretion shock R sh , indicated by the peak in the ρ gas /ρ DM profile. The collisionless DM, on the other hand, penetrates further into the inner region of the cluster, undergoes core passage, and accumulates at the first apocenter passage, leading to slightly overdense DM density at r 0.8R 200m . This feature corresponds to the outermost caustic of the DM (Diemer & Kravtsov 2014; Adhikari et al. 2014) . In the right panel of Figure 9 , we also show the dependence of MAR in the profiles of the gas-to-DM density ratio for the z = 0 clusters. The profiles follow the same pattern as in the left panel. The peak of the profiles, which corresponds to the location of the accretion shock, occurs at smaller radii for clusters with the highest MAR.
Recently, Patej & Loeb (2014) proposed an analytical model of gas distribution in galaxy clusters that depends on the ratio of the gas density jump to DM density jump at the accretion shock. They find that fitting their model to observed gas density profiles infers a similar gas density jump to that of DM density around the accretion shock, consistent with our findings that the gas density traces DM density to within 20% in the cluster outskirts. Their model can be further improved by considering the effect of differential dynamics between the collisionless DM and collisional gas that leads to the deviation of the gas-to-DM density ratio from the cosmic mean. This will provide an unique approach for constraining the physics of cluster accretion shocks based on observations of the inner ICM profiles.
Location of the Accretion Shock
The dependence of outskirt gas profiles on α 200m is similar to that of z for ∆ c = 200 (see Figures 2 and 3) . The accretion shock occurs closer to the cluster center for systems with more negative values of α 200m . Similarly, for ∆ c = 200, high-z clusters on average have their accretion shock closer to the cluster center. This suggests that the apparent evolution of the profiles for ∆ c = 200 originates from the evolution in the physical MAR, where high-z clusters experience more rapid mass accretion than low-z counterparts. While normalizing clusters with respect to ∆ m = 200 will account for the redshift dependence of the average MAR, the residual differences in MAR between clusters at a given redshift contribute to the scatter in the outskirt gas profiles. We further investigate how the location of the accretion shock depends on redshift, mass, and accretion rate. In Figure 10 , we characterize the relationship between the location of the accretion shock R sh in units of R 200m and the MAR proxy α 200m . We divide the cluster sample into a high and low peak height bin, splitting at ν 200m = δ c /σ(M 200m , z) = 3.25. The accretion shock radius R sh /R 200m has a linear correlation that is independent of peak height. Halos with different peak height occupy different regions along the relation, where low peak height halos tend to have slightly larger R sh /R 200m and low MAR (more positive α 200m ), although this trend is fairly weak.
We quantify the best-fit relation between R sh /R 200m and α 200m by performing linear least square fit:
where A = 1.990 ± 0.030 and B = 0.782 ± 0.067. Note that this accretion shock radius is considerably larger than R 200c (≈ 0.58 R 200m at z = 0), or the virial radius R vir (≈ 0.78 R 200m at z = 0). This redshift independent location of the accretion shocks should be useful for modeling how accretion shocks generate non-thermal pressure , cos-mic rays (see Brunetti & Jones 2014, for review) , and nonequilibrium electrons (e.g., Avestruz et al. 2014) as well as assessing their effects on the hydrostatic mass bias (e.g., Laganá et al. 2010) . Note further that we defined the shock radius using the peak of the azimuthally averaged entropy profile, while the actual topology of the accretion shock is quite complicated, which contributes to the large scatter in the R sh /R 200m − α 200m relation.
CONCLUSIONS AND DISCUSSION
In this work we investigated the self-similarity of the diffuse X-ray emitting gas profiles in the outskirts of galaxy clusters using a mass-limited sample of simulated clusters extracted from the Omega500 cosmological hydrodynamic simulation. Our main results are summarized below:
1. The radial profiles of the diffuse ICM in the outskirts of galaxy clusters at r R 200c ≈ 0.6R 200m exhibit remarkable self-similarity with redshift when they are normalized with respect to the mean density of the universe, while in the inner regions of clusters they are more self-similar when normalized with respect to the critical density. This difference in the scaling property of the ICM radial profiles originates from the fact that the outer gas profiles are determined by late time accretion governed by the mean density of the universe, while the inner profiles are determined by the gravitational potential that is set when the universe is still matterdominated and stays roughly constant afterward.
2. The diffuse ICM profiles in cluster outskirts depend on the mass accretion rate (MAR) of the cluster. For example, we find that the pressure and temperature profiles of low MAR clusters are systematically higher than those of high MAR clusters, because a significant fraction of kinetic energy associated with accreting materials has not yet thermalized by the accretion shocks in clusters with high MAR. This means that the selection functions of SZ surveys depend on the MAR of clusters by being more sensitive to low MAR clusters which have higher thermal pressure in their outskirts. Our work suggests that MAR must be taken into account when interpreting SZ observations of cluster outskirts, including the recent Planck's stacked SZ measurements which detected thermal pressure profiles around massive clusters out to 3 × R 500c ≈ 1.2 R 200m (Planck Collaboration Int. V 2013).
3. Gas does not trace DM perfectly in the infall regions of galaxy clusters, because the infall velocities of the collisional gas are less than those of the collisionless DM. This causes the gas-to-DM density ratio to deviate from the cosmic mean value by about 10% near the accretion shocks, and steepens the gas density profile relative to the DM profile at large cluster-centric radii. Recent ultra-deep ( 2 Msec) Chandra observation of Abell 133 and Abell 1795 (Vikhlinin et al., in prep.) may be able to detect the steepening in X-ray emissions in the diffuse ICM component, after properly removing point sources, clumps, and filaments.
4. The mean accretion shock R sh is located at the fixed fraction of R 200m (R sh /R 200m ≈ 1.6) of galaxy clusters for a wide range of redshift (0 ≤ z ≤ 1.5). However, there is also a large scatter in the accretion shock radius (R sh /R 200m ≈ 1.0 − 2.4), depending on the MAR of clusters. Higher MAR clusters have smaller the accretion shock radius. These results can be useful for modeling physical processes (such as generation of turbulence and cosmic-rays) related to accretion and shock heating at outer boundaries of galaxy clusters.
5. Our results suggest that the critical density is still preferred in defining cluster mass and radius, for calibrations of observable-mass relations (e.g., M − Y X and M − Y SZ ) based on the current generation of X-ray and SZ profile measurements, which mostly probe gas out to r R 500c . Since the outer profiles are more selfsimilar when they are normalized with respect to the mean mass density, the exploitation of cluster outskirts for cosmology requires some care. For example, using the critical density in normalizing the outer ICM profiles can introduce redshift-dependent systematic biases in cluster scaling relations. Furthermore, scaling relations of cluster outskirts are expected to show larger scatter due to variations in MAR. Detailed understanding of physical processes and observational biases will be critical for interpreting data from the nextgeneration of X-ray and SZ missions, such as SMART-X 3 and Athena+ 4 .
